In Trypanosoma brucei, the mutually exclusive expression of the major surface antigens, the variant surface glycoprotein (VSG) of the bloodstream form and procyclin of the procyclic form, is due to a stage-specific accumulation of the respective mRNAs. Through the targeting of a reporter construct in the procyclin promoter region, we show that independently of any selection pressure, a relatively high level of transcription (-10%) occurs from the procyclin promoter in the bloodstream form. This transcription leads to the production of detectable amounts of polyadenylated mRNAs. However, RNA elongation In the procyclin transcription unit is down-regulated at this stage. Transcription elongation In the procyclin and VSG units Is inversely controlled by the combination of factors which cause the differentiation of bloodstream into procyclic forms in vitro. These factors include temperature, crtrate/c/s-aconltate and the incubation medium. Our results suggest that inverse regulations of primary transcription in the VSG and procyclin units are early events that underiy the differentiation of the parasite.
INTRODUCTION
The variant surface glycoprotein (VSG) and procyclin (or PARP, for procyclic acidic repetitive protein) are the respective major surface proteins of the bloodstream and the procyclic form of Trypanosoma brucei. The VSG and procyclin genes belong to independent polycistronic transcription units, which share the characteristic of being transcribed by a Pol I-like, a-amanitinresistant RNA polymerase (1) . While the active VSG unit is unique and very long (45-60 kb) (2) (3) (4) (5) , the procyclin units are present in two diploid loci, PARP A and B, and are only -10 kb long (6) (7) (8) (9) (10) . The mRNAs of these genes are both the most abundant [5% of the poly (A) + RNA] and totally characteristic of each of the developmental stages of the parasite.
Despite this absolute specificity, data from run-on transcription experiments and cDNA analysis strongly suggested that the promoters for the procyclin and VSG transcription units were active in both bloodstream and procyclic forms (9, 11, 12) . This observation was further supported by the evidence that these promoters were equally active in both forms of the parasite, when assayed in transient expression of reporter genes in plasmid constructs (13) (14) (15) . In the case of the VSG unit, the run-on data indicated that the down-regulation of VSG gene expression in the procyclic form involves a progressive blocking of transcription elongation (9) . No such data are available for the procyclin units, due to both the small size of these units and the presence of a large sequence duplication precluding a detailed analysis of transcription elongation.
We report the measurement of transcription at the beginning of a procyclin unit in the bloodstream form. This was achieved by the targeting of a reporter construct in the procyclin promoter region. A significant activity of the promoter was detected, even in the absence of pressure to select for this activity. Complex controls of RNA elongation appeared to modulate the constitutive transcription in a stage-specific way. These controls were dependent on at least three factors known to influence the differentiation of bloodstream into procyclic forms: temperature, citrate/cis-aconitate and the incubation medium. Interestingly, the same factors were found to be involved in the down-regulation of transcription in the VSG unit Thus, similar but inverse RNA elongation controls operate in the procyclin and VSG units.
MATERIALS AND METHODS

Trypanosomes
Procyclic forms were obtained by in vitro cultivation of isolates from the midgut of flies infected with the EATRO 1125 stock of T.brucei. They were grown in SDM-79 medium (16) supplemented with 15% heat inactivated fetal calf serum. The procyclic transformants were not cloned because the cloning procedure reduces the potential of cyclical transmission. However, only the transformant lines showing homogeneous Southern blot patterns were selected. Cyclical transmission of the procyclic transformants through Glossina morsitans morsitans was performed as described previously (17) . Several transformant lines were transmitted independently; only a single line showed no DNA rearrangement and was selected. Bloodstream forms were passaged in mice or cultivated according to Baltz et al. (18) . Procyclic forms were obtained from stumpy forms of the transformants by in vitro differentiation as previously described (19) .
Plasmid constructs
The plasmid CAT-proc was constructed by ligating the CAT gene contained in the 1.7 kb Ecl\36U-BamHl fragment from pD5V (14) into the blunt-ended Xhol site of plasmid pTSA-HYG2 (20) .
Electro po ration
The procyclic forms were harvested at mid-log phase and washed once in Zimmerman post-fusion medium (21) . Cells (10 7 ) were resuspended in 500 \il of the same solution and mixed with 1 |ig of plasmid linearized by Nsil cleavage. Electroporation was performed by two pulses of 1.5 kV at 25 \iF using a Bio Rad gene pulser. Electroporated trypanosomes were kept on ice for 5 min and inoculated into 4 ml of culture medium. Forty-eight hours after electroporation, 100 (ig/ml hygromycin was added. Transgenic trypanosomes could be detected 2-3 weeks after electroporation.
Run-on transcription assays
Run-on transcription assays were conducted as described by Murphy et al. (22) . The standard assay (1 ml) contained 500 (ig of DNA in nuclei, 12.5% (v/v) glycerol, 0.8 mg heparin, 5 mM spermidine, 5 mM MgCl2, 2.5 mM dithiothreitol, 10 mM Tris-HCl (pH 8), 0.5 mM of each ATP, UTP and CTP, and 1 mCi of [a-32 P]GTP (2000 Ci/mmol). The nuclei were usually incubated for 30 min at 30°C. Identical results were obtained when incubation was performed at 37 °C, except that the yield of 32 P-labelled RNA was lower. Titration experiments indicated that under the conditions used for hybridization of the run-on transcripts, the DNA blotted on the filters was in large excess over the probe.
DNA and RNA analysis
The extraction and hybridization of DNA a^d RNA were conducted as described previously (9) .
CAT assays
The CAT activity assays were performed as described previously (14) .
RESULTS
Targeting of a reporter construct in the PARP A promoter
In order to determine the nature of the down-regulation of the procyclin units in the bloodstream form, we measured the transcription level of a plasmid construct targeted by homologous recombination (23) (24) (25) to the promoter region of a procyclin transcription unit This construct contained the procyclin promoter and the gene for chloramphenicol acetyl transferase (CAT), followed by a gene for resistance to hygromycin (HYG 1 *) (Fig.  1 A, CAT-proc sequence). Both genes were preceded by the splice acceptor site of the procyclin genes. The CAT gene was followed by the 3'-UTR and polyadenylation region of the VSG gene, whereas the HYG* gene was followed by the polyadenylation site of die pVtubulin genes. After linearization by cleavage in die Nsil site present in the procyclin promoter region, the construct was electroporated in T.brucei culture procyclic forms. Hygromycin-resistant trypanosomes were selected. As shown in Figure IB and C, these cells were found to contain a single copy of the construct inserted in the correct location in the PARP A locus (CAT-proc transformants). This was determined by hybridization with probes specific to either the 5' or 3'-environment of the procyclin genes of the PARP A locus, as well as with the CAT and HYG 1 * probes [ Fig. 1B and C, compare the wild-type trypanosomes (WT) with the CAT-proc procyclic transformants (PF1)]. In the wild-type, die diploid PARP A locus is contained in a 13.4 kb BamHl fragment (10) , revealed here by hybridization with both a promoter-specific probe (PROM; fragment labelled widi a square in Fig. IB ) and a probe for the PARP A-specific gene PAG 3, located between the {J-procyclin gene and GRESAG 2.1 (M. Berberof and E. Pays, unpublished data; fragment labelled with a square in Fig. 1 ). As predicted by the restriction map in Figure 1A , the integration of the 7.1 kb construct in die Nsil site of one of the two alleles introduced a new BamHl site in this locus, generating a 5' 3.4 kb BamHl fragment and a 3' 17.1 kb BamHl fragment (Fig. 1B and C, black triangles). As expected, these fragments not only hybridized with PARP A-specific probes, but also with the CAT and the HYG R probe, respectively ( Fig. IB and C, black triangles) . A double digestion with BamHl and either Nsil or Hpal reduced the length of these fragments as predicted: the 5' 3.4 kb fragment was split into a 1.2 kb promoter-specific and a 2.2 kb CAT-specific fragment (Fig. IB) , whereas the 3' 17.1 kb fragment was shortened into a 10.9 kb fragment hybridizing to both the PAG 3 and the HYG 11 probes (Fig. 1C, open triangles) . In Figure IB , the 4.9 kb BamHl-Nsil fragment specific to die CAT-proc transformants (dot) hybridized with the promoter probe because of a partial duplication of the promoter, as expected. None of the fragments predicted from a tandem integration (7.1 kb Nsil or BamHl fragments, for instance) were found.
Generation of bloodstream forms of the CAT-proc transformants, and in vitro differentiation into procyclic forms
The transformed procyclic forms (PF1 in Fig. 1 ) were cyclically transmitted through tsetse flies to obtain the corresponding bloodstream forms. These cells were generated and maintained in the absence of selective pressure, i.e. without hygromycin. As shown in Figure 1 , under diese conditions the integrated plasmid construct was neither rearranged nor lost (compare the BF and PF1 lanes). Procyclic forms were subsequendy obtained from stumpy forms of these cells by synchronous differentiation in vitro (19, 26) , and were also cultivated in me absence of hygromycin. Again no DNA rearrangements were detected (Fig.  1, lanes PF2 ).
Run-on transcription of the reporter construct
Run-on transcription assays were performed with nuclei from selection-free bloodstream and procyclic forms of the CAT-proc transformants (BF and PF2) , and the relative sensitivity to oc-amanitin was estimated in each case. As shown in Figure 2A (fragment 1), a-amanitin-resistant transcription of the construct Figure 1 . The CAT-proc construct in its genorrac environment (A) The 7 1 kb CAT-proc construct was targeted in the procyclin PARP A promoter region after linearization at the Nsil site (encircled). The thick line represents plasrrud aDNA, while the boxes labelled a, P and GR2 1 represent the a-and P-procychn genes and the GRES AG 2.1 gene, respectively. The extent of the probes of the procychn promoter (PROM) as well as that of the CAT, HYG R and PAG 3 genes is indicated under the map The two black boxes in the map represent the duplicated region of the promoter which hybridizes to the PROM probe The dots and triangles identify fragments in the blots below. (B and Q Southern blots of the CAT-proc transformants. The DNA was extracted from wild-type procycbc forms (WT), or CAT-proc transformants before cyclical transmission (PF1), bloodstream forms after cyclical transmission (BF) or procyclic forms derived in vitro from BF (PF2) The data in (B) and (C) allow the respective identification of the 5'-and 3'-environment of the targeted construct. The 13 4 kb Bamrfl fragment labelled with a square is characteristic of the PARP A locus in wild-type cells. The fragments indicated with a mangle hybridize with both a probe from the plasmid construct (either CAT or H YG*) and a probe from the PARP A locus (either the procychn promoter probe, PROM, or PAG 3) The 4 9 kb BamW-Nsil fragment labelled with a dot is discussed in the text. The abbreviations for the restriction sites, in this figure and the followings, are: Ap =Apal; Ba = SamHI; E = fcoRI; H = HimSU, Hp = Hpal, K = Kpnl, Na=Noel, Ns = Nsil; P = Pstl; Pv = PvuU, S = Sail; Sc = Seal; Sp = Sphl; Ss = Sstl.
was observed not only in procyclic forms, but also in bloodstream forms. When calibrated using the transcription of the actin genes as a reference (27) (Fig. 2B , fragment 2), the difference between the transcription rate of the CAT gene in procyclic and bloodstream forms was estimated to be -10-fold (4, 5, 10 and Nuclei from bloodstream and procyclic forms (BF and PF2, respectively) were incubated with or without 1 mg/ml a-amanitin (a-am) The labelled transcripts were hybridized with Southern blots of PvuU digests of the CAT-proc construct (A), Sail digests of a plasrrud containing the aeon gene of Tbrucci (27) (B) and Seal + Sstl digests of a plasmid containing the beginning of the procyclin PARP A locus (10) (C) The numbers of each fragment refer to those in the respective maps below, see Figure 1 for abbreviations 16% in four independent experiments, respectively). This estimate is in good agreement with the difference in the transcription of the beginning of the procyclin loci both in wild-type trypanosomes (9) and in the CAT-proc transformants (Fig. 2C , fragment 1).
Interestingly, in the bloodstream form the transcription was found to be reduced concomitant with the distance from the procyclin promoter. This reduction is demonstrated by a comparison of the extent of hybridization of a-amanitin-resistant transcripts to fragments 1 (promoter-proximal) and fragments 2 (promoter-distal) in Figure 2A and C [note that: (i) the a-amanitin-sensitive transcription of fragment 2 in panel C is due to a member of the GRES AG 2/ESAG 2 family (10); (ii) the weak hybridization to the promoter-containing fragment 3 in panel A is due to the short length of the sequence transcribed within this fragment]. The behaviour of the promoter-distal fragment 2 in Figure 2A (also present in fragment 1 of Fig. 2B ) illustrates the stage-specific dependence of transcription on the distance to the promoter. This fragment contains plasmid DNA, the transcription of which can only originate from the inserted construct. In the construct, this sequence is located between 4 and 6.5 kb downstream from the promoter (thick line in the map of Fig. 1 A) . As shown in Figure 2A and B, this region did not appear to be transcribed in the bloostream form, whereas it was efficiently transcribed in the procyclic form, by the a-amanitin-resistant RNA polymerase active in the procychn locus, as expected. Quantitative measurements of these data, performed by liquid scintillation counting of the relevant nitrocellulose areas in several independent experiments, indicated that the ratio of hybridization between fragment 2 and fragment 1 in panel A was 10-20% in bloodstream forms, whereas it was 40-70% in procyclic forms. These data indicate that in the bloodstream form a major reduction of transcription occurs within the first 4 kb. Due to both the relative variability of the extent of transcription in Figure 3 . Steady-state transcripts of the plasmid construct and procychn genes in the CAT-proc transformants. Ten |ig of poly(A)" and poly(A) + RNA were hybridized with probes from the CAT, HYCJR and procycbn (PROC) genes, as well as from the PUC plasmid (PLASM) BF and PF2 refer to bloodstream and procyclic forms of the CAT-proc transformants PF2 was derived w vitro from stumpy forms of BF In PROC, the 0 9 and 2 2 kb transcripts are the procyclin mRNA and a processing intermediate, respectively (9) different experiments and the progressive nature of the reduction of transcription, it was impossible to refine further the mapping of the attenuation region. In the experiment described below (Fig.  4) , a major attenuation occured within the first 2.5 kb (compare the intensity of hybridization with fragments 2 and 3 in panel B, lane '37'), but this effect was less pronounced in other experiments (data not shown).
Steady-state transcripts from the reporter construct
Poly(A)
+ and poly(A)~ RNA was extracted from the two forms of the CAT-proc transformants, which were obtained by the in vitro differentiation of one from the other (BF to PF2). Northern blots of these RNAs, calibrated with an actin probe (not shown), revealed poly(A) + transcripts from the CAT, HYG R and plasmid sequences in both forms (Fig. 3) . The relative amount of each of these mRNA species, as well as that of procyclin, was determined in bloodstream and procyclic forms by liquid scintillation counting of the nitrocellulose filters. When expressed as a percentage of bloodstream relative to procyclic form, values of 12.8,19.4,9.5 and 1.8% were obtained for CAT, HYG R , plasmid and procyclin poly(A) + transcripts, respectively. These data indicate that in the bloodstream form a significant transcription and processing of RNA occur in situ in the procyclin units, even in the absence of selection to force this activity. The difference between the bloodstream/procyclic percentages of the CAT/ HYGfyplasmid RNAs (10-20%) and that of the procyclin RNAs (1.8%) is in sharp contrast to the similar levels of the primary transcripts of these genes in run-on assays (bloodstream/ procyclic value of-10% in all cases; Fig. 2 , compare fragment 1 in panels A and C). These differences between the primary transcription and steady-state RNA levels strongly suggest that post-transcriptional controls modulate the final amounts of the mRNAs, leading in particular to a selective stage-specificity for the procyclin mRNAs.
The polyadenylated transcripts synthesized in the reporter construct were also found to be functional. Indeed, CAT activity was detected in both bloodstream and procyclic forms of the CAT-proc transformants, although this activity was -10-fold lower in the former, as expected. Figure 4 . Effect of different treatments on run-on transcnpOon in the procychn and VSG transcription units of the CAT-proc transformants. Bloodstream forms of the CAT-proc transformants (500 ml, 2 x 10 6 cells/ml) were incubated for 3 h in either Baltz or DTM medium, under the following conditions. 37°C (37), 25°C (25) , 37°C + citrate/c«-aconitate (CCA + 37) and 25°C + citratc/ctf-acorutate (CCA + 25) Riin-on transcription was performed in the presence of 1 mg/ml of a-amanian. The labelled transcripts were hybridized with Southern blots of the following digests' CAT-proc construct digested by either PvuU or PvuU + Kpnl + Nael (A and B, respectively), procychn PARP A plasmid (10) digested by Seal + Sstl (C), AnTat 1JA basic copy plasmid (3) digested by PsA + Sph\ (D) and 18S rDNA plasmid (30) digested by HindU + EcoRl (E) In (C), a 3-foW longer exposure of some autoradiograms is added to show the increase of hybridization to fragment 2 between Baltz 37 and 25, and the hybridization to fragment 5 in DTM CCA + 25.
Analysis of the transcription controls
The in vitro and in vivo data (Figs 2 and 3, respectively) indicated that transcription occuring in the procyclin units is downregulated at the bloodstream stage. We investigated this regulation by submitting bloodstream forms of the CAT-proc transformants to a series of experimental conditions known to influence the differentiation of bloodstream into procyclic forms in vitro (26, 28) . Three different parameters were tested, either separately or in combination, during a 3 h incubation in vitro. The treatments involved a cold shock from 37 to 25°C, the addition of citrate/c«-aconitate and/or the alternate use of two incubation media, either the DTM medium specific for the differentiation into procyclic forms (26) or the Baltz medium specific for the cultivation of bloodstream forms (18) . The 3 h incubation period was chosen because it was found to be necessary and sufficient to alter the production of both procyclin and VSG mRNAs, while being still insufficient to induce the major changes of gene expression (19) . In all cases the cells remained perfectly healthy throughout the duration of the experiment, and dieir number did not vary. The extent of primary transcription in the procyclin units was assessed by the measurement of a-amanitin-resistant transcription in run-on assays. In these experiments, the calibration of the amount of nuclei was performed by spectrophotometric measurement of the DNA concentration after lysis of a sample in 0.1% sodium dodecyl sulfate. This calibration was subsequently checked by the measurement of a-amanitin-sensitive transcription of the actin genes, which appeared to be similar under bloodstream and procyclic conditions (see Fig. 2B ; data not shown). Finally, the transcription of the ribosomal 18S RNA gene was taken as an internal reference for a-amanitin-resistance. As shown in Figure 4A and B and quantitated in Table 1 , each of the three treatments led to an up-regulation of transcription in the reporter construct The effect was more marked in promoterdistal fragments such as fragment 2 in Figure 4A (A2 in Table 1 ) or fragment 1 in Figure 4B , where the combination of the three stimuli led to a 30-fold increase of transcription, apparently due to the cumulative effect of each of the individual stimulations [medium: x 1.5; temperature: x 4.7; citrate/cis-aconitate (CCA): x 5.5]. This should be compared with a maximum total stimulation of 8-10-fold observed in the region of the CAT and HYG 1 * genes, within 3 kb downstream from the promoter (Fig. 4 , fragment 1 in panel A, fragments 2 and 3 in panel B; Al in Table  1 ). Only the full combination of stimuli for differentiation induced a complete transcription of the unit: this is illustrated by the comparison of the relative intensities of fragments 1 and 2 in panel A, CCA + 25 in Baltz and DTM, respectively. The higher stimulation in promoter-distal regions (fragment 2) is the opposite of what would be expected if transcription initiation was derepressed, and is best explained by an extension of the transcribed domain. Thus, at least part of the stimulation was due to increased RNA elongation. Interestingly, the same pattern of stimulation was observed in the procyclin transcription units when comparing the transcription of the promoter-proximal procyclin genes (overall 6-fold stimulation of fragment 1 in Fig.  4C ; Cl in Table 1 ) with that of the fragment containing the GRESAG 2.1 gene, located between 3.5 and 5.5 kb downstream from the promoter (overall 40-fold stimulation of fragment 2 in Fig. 4C ; C2 in Table 1 ). Altogether, these data indicate that three different stimuli known to induce the differentiation from bloodstream into procyclic forms increase the rate and extent of transcription elongation both in the reporter construct and in the procyclin units. The fact that this effect is similar in both cases makes it unlikely that it would result from an artefact due to the duplication of the procyclin promoter in one of the procyclin loci.
Opposite controls of RNA elongation in the procyclin and VSG units
The effect of the same stimuli was measured on the transcription in the VSG unit Only the end of the VSG unit was probed, since in the promoter-proximal region the observations are obscured by a derepression of different VSG expression sites occuring under procyclic conditions (12) . The results were the opposite of those obtained with the procyclin units. The data in Figure 4D indicate that each of the treatments reduced the transcription in the VSG locus. In particular, fragment 1, which contains ESAG 1 and the barren region upstream from the VSG gene, showed a reduction of transcription in response to the differentiation stimuli. This cumulative decrease was estimated to be -7-fold (Dl in Table 1 ). Note that in panel D, the apparent stimulation of transcription of fragments 2 and 4 is due to the presence of plasmid DNA which hybridizes to transcripts from the reporter construct, while that of fragment 3, which contains ESAG 2, is attributable to a cross-hybridization with GRESAG 2.1 (10) . Regarding this ESAG 2/GRESAG 2.1 cross-hybridization, it should be added that the apparent lack of hybridization of ESAG 2 transcripts to the GRESAG 2. 
Reversibility of the transcriptional changes
In order to determine if the changes of primary transcription observed after the 3 h incubation were reversible, we subjected the cells to a reversion of either temperature (from 25 to 37 ° C and vice-versa) or medium (from DTM + citrate/cw-aconitate to Baltz and vice-versa) for an additional 3 h. The results (not shown) did not point to a major and reproducible reversion, although typically the transcription of the barren region of the VSG unit was increased following a return to the bloodstream conditions.
Regulation of the ribosomal DNA units
The transcription of the rDNA locus in bloodstream forms decreased 4-7-fold when subjected to the stimuli for the differentiation into procyclic forms (Fig. 4 ; El and E2 in Table 1 ). This reduction had the same cumulative pattern as was the case for the end of the VSG unit The down-regulation of transcription of the 18S RNA gene under procyclic growth conditions was observed in several independent experiments, where the amount of nuclei was carefully checked as indicated above. Two explanations may account for these observations: either the primary transcription of all ribosomal genes is reduced ~5-fold under conditions for differentiation into procyclic forms, or the nbosomal genes exist in two different categories that are differentially expressed during the parasite life-cycle, and we probed the bloodstream-specific one. In order to test the latter possibility, we performed two sets of experiments. First, the 18S RNA from bloodstream and procyclic forms was isolated by preparative agarose gel electrophoresis and 32 P-labelled with polynucleotide kinase, then used as hybridization probe on Southern blots of various digests of genomic DNA. Secondly, a-amarutin-resistant transcripts synthesized in run-on assays of bloodstream and procyclic nuclei were similarly used as hybridization probes on Southern blots. These experiments did not reveal significant differences between the two rDNA hybridization patterns (data not shown). These observations argue against the existence of stage-specific units of nbosomal genes, although this possibility remains if the restriction maps of these units were identical for the endonucleases that we used (HindUl, EcoRl, Pstl, BgRl, HindR) . Thus, the data in Figure 4E suggest that the transcription of all ribosomal 18S RNA genes is down-regulated under conditions which trigger the differentiation into procyclic forms.
The RNA elongation controls are not observed when the construct is inserted in the tubulin locus
Previous work has indicated that if the CAT/HYG 8 construct is targeted into the tubulin locus, at the bloodstream stage the procyclin promoter of the construct is by-passed by the RNA polymerase transcribing the tubulin genes (29) . Therefore, we examined whether this construct was subject to RNA elongation control under these conditions. Run-on transcription assays were conducted on bloodstream and procyclic forms of a transformant (CAT-tub) carrying two tandem copies of the construct inserted within the tubulin locus (29; see the map in Fig. 5 ). The data in Figure 5 confirmed that in the procyclic form (PF) the procyclin promoter present in the construct is active (high level of a-amanitin resistant transcription), whereas in the bloodstream form (BF) this promoter is silent, and the construct is transcribed by the a-amanitin-sensitive RNA polymerase active in the PF BF Figure 5 . Run-on transcription of the reporter construct targeted to the tubuhn locus Two copies of the construct were inserted in the locus, as shown in the map (29) Same abbreviations as for Figures 1 and 2 The arrow in parentheses represents the procyclin promoter, which is only active in procyclic forms The boxes labelled a and p* represent the a-and pVtubulin genes. The asterisk refers to a partial digest The same exposure time was applied to all lanes tubulin locus. In both cases all fragments appeared to be transcribed at a similar rate. Liquid scintillation counting of the relevant nitrocellulose strips indicated that the labelling of each DNA fragment was -1.25 and 0.25 c.p.m7bp, respectively in the procyclic and in the bloodstream form, although the hybridization to the CAT gene (fragment 3) was -30% weaker. This last difference may be due to a high degree of instability of CAT transcripts (29) . Therefore, when transcribed by a different RNA polymerase in a different locus, the CAT/HYC^ construct does not appear to be intrinsically prone to RNA elongation control in the bloodstream form.
DISCUSSION
Through the analysis of the transcription of a reporter construct inserted in the trypanosome genome, we conclude that at least the procyclin promoter of the PARP A locus is significantly active in the bloodstream form. We show that a control of transcription elongation is involved in the down-regulation of the procyclin unit in the bloodstream form, whereas an inverse control occurs in the VSG unit of these cells. The evidence for activity of the procyclin promoter in a developmental stage where the procyclin genes are not expressed cannot be attributed to experimental artefacts, for the following reasons. First, all the transcription measurements of the reporter genes were performed on cells free of any pressure to select for the expression of these genes. Thus, the promoter activity was not experimentally forced. Secondly, the expression of the reporter genes was not only observed in run-on assays in vitro, it was also detected by the analysis of steady-state RN As as well as by assays of the activity encoded by the CAT reporter gene. Thus, gene expression occurred in vivo in the procyclin unit at the blood-stream stage. Finally, the cells analyzed were as close as possible to the wild-type situation; they were isolated freshly after cyclical transmission in tsetse flies, they were able to fully differentiate into stumpy forms and subsequently into procyclic forms, and they were cultivated for a minimum period in vitro.
Although there is no doubt that in the bloodstream form the procyclin promoter is active in situ, the extent of this activity is difficult to determine. The level of transcription at the beginning of the reporter construct was found to be between 4 and 16% of that measured in the procyclic form, but, as the elongation of transcription appears to be controlled, obviously these measurements are biased. Therefore, transcription initiation at the procyclin promoter in the bloodstream form probably exceeds -10% of that in the procyclic form. Two contrasting findings make it difficult to determine to what extent this promoter is controlled. When present in episomal plasmid constructs, the procyclin promoter was found to be equally and probably maximally active in bodi bloodstream and procyclic forms (7, 8, 15) . This indicates that all of the factors necessary for transcription initiation on this promoter are present at both developmental stages. In contrast, when inserted into the tubulin locus, die procyclin promoter was only fully active in the procyclic form and it was by-passed by the tubulin genetranscribing polymerase in the bloodstream form (29; this work). Thus, the extent of promoter activity appears to be influenced by the chromosomal context It may be hypothesized that the insertion of a plasmid construct in the procyclin promoter has disturbed the normal controls operating on this promoter. However, the transcriptional characteristics appeared to be very similar between the construct and the procyclin units, and were in agreement with the observations made on wild-type trypanosomes (9) . This suggests that transcription in the targeted PARP A unit was not different from the unaffected one.
The run-on data indicated that the transcription of the reporter construct decreases with the distance from the promoter, pointing to a control of RNA elongation. The evidence for an elongation control was provided by the demonstration that the triggering of differentiation into the procyclic form induced a higher increase in promoter-distal rather than promoter-proximal transcription in both the reporter construct and the procyclin loci. This observation cannot be accounted for by a stimulation of transcription initiation, although it does not exclude that increased recruitment of RNA polymerase may additionally contribute in the regulation of the rate of RNA synthesis. Transcription attenuation was also reported in the case of the VSG unit in the procyclic form (9, 12) . In both cases it appeared to be progressive, with no clear evidence for a discrete termination region. Furthermore, our results show that this phenomenon can occur on a plasmid DNA template. Therefore, the stage-specific control of RNA elongation does not seem to depend on the presence of specific DNA elements downstream from the promoter. The differential behaviour of the same polymerase depending on the context of its DNA template (episomal versus chromosomal) strongly suggests that elements present in cis are involved in this control.
The loose transcriptional controls operating on the VSG and procyclin units (at least 10% of constitutive transcription over several kilobases) do not account for the strict mutually exclusive expression of the surface antigens. Therefore, other controls must strengthen the stage-specificity of gene expression. Posttranscriptional controls are likely to be involved in this process.
Indeed, the procyclin mRNA was found to be -60-fold more abundant in the procyclic form man in the bloodstream form, while the difference of primary transcription was only -10-fold. This difference between steady-state RNA levels and primary transcription was not observed in the case of the CAT, HYG R and plasmid transcripts, suggesting that the procyclin mRNAs carry a sequence responsible for their selective accumulation. Similar conclusions apply to the VSG mRNA, as the 3'-terminal region of the VSG mRNA was found to confer higher stability to reporter transcripts in the bloodstream form (29) . Therefore, it is probable that a combination of transcriptional and post-transcriptional controls is necessary to achieve the high stage-specificity of expression of the major surface antigens. In this respect, it should be noted that despite the presence of the 3'-terminal sequence of the VSG mRNA, the CAT transcripts from the construct used in the present work were still less stable than other transcripts from the construct (29) . Although this differential stability could influence the relative amounts of run-on transcripts, it is unlikely to alter the conclusions of this work, which are based on the results obtained with the totality of the construct sequences. Moreover, we have shown that die UTRs present in this construct are without influence on the rate of RNA elongation (29).
It is striking to note that the opposite transcriptional controls acting on the VSG and procyclin units are triggered by those experimental factors which are also involved in the differentiation of bloodstream into procyclic forms (26, 28) . This clearly indicates that these transcriptional controls underly the differentiation of the parasite. The rapidity of the transcriptional switches strongly suggests that these events are among the earliest manifestations of the cellular response to the environmental changes. As the VSG gene is the most distant from its promoter, it is also the most sensitive to the down-regulation of RNA elongation. Thus the particular location of this gene may be linked to a need for very quick inactivation of VSG expression when the trypanosome is removed from the bloodstream conditions. Similarly, the promoter-proximal location of the procyclin genes may be justified by an inverse requirement under the same conditions.
The relative advantage of one Alu compared to another might accrue at each step in the multi-step retrotranspositional pathway (4) . Considering just transcription, the present results support this model, showing that a proper combination of 5' and 3' sequence elements markedly increases (-100-fold) Alu expression. The accidental juxtaposition of an Alu repeat with an element as powerful as the 7SL RNA gene's promoter is probably an unlikely evolutionary event. However, clone X/AT is expressed 5-fold higher than clone X/A although these two constructs differ by only five base substitutions, which are far removed from known promoter elements. Subtle changes in sequence can, as proposed (4) , significantly alter Alu expression.
ScAlu RNA is regulated independently of Alu RNA The majority of Alu transcripts are not subject to any gross polyadenylation or deadenylation following transcription. The mechanism by which the A rich 3' end is corrected to a perfect poly A tract in recently transposed Alus is unknown. While Alu transcripts have a half life of ~30 min, scAlu RNA which binds SRP proteins, is relatively long lived (17, 20) . Northern blot analysis unambiguously shows that the same transfected templates encode both Alu and scAlu RNAs. This observation confirms results in which an Alu template microinjected into Xenopus oocytes also produced scAlu RNA (17) .
Previous results indicate that scAlu RNA arises post-transcriptionally from primary Alu transcripts (17) . Cell stress, translational inhibition and 5-azacytidine treatment each markedly increase Alu RNA expression without affecting the level of scAlu RNA (7, 10) . Results presented here, using transfected cells, control for these more drastic treatments which cause other changes in cell physiology. The level of scAlu RNA expression is virtually unaffected by a 100-fold increase in the abundance of the primary transcripts (Table 2 ). This finding, in conjunction with the relative life times of these two transcripts, shows that scAlu RNA is not merely a transient intermediate in an Alu RNA degradation pathway, but that its level of expression is tightly regulated by factors other than the abundance of Alu transcripts.
Alu RNA turns over by either of at least two pathways, one of which produces scAlu RNA. Differential 3' processing of Alu RNA could determine the relative retrotranspositional success of different Alus and 'the 3'-sequence environment into which they insert could determine the efficiency of processing' (4) . Subtle sequence changes near the terminator altered the efficiency with which B1 RNA microinjected into Xenopus oocytes is processed into scB 1 RNA (21) . Similarly, XJTAlu transcripts are processed less efficiently than X/A transcripts. Cis elements can affect Alu transpositional expression and the fate of the resulting transcripts.
Alu RNA is evidently the precursor to scAlu RNA as well as being the intermediate in Alu retrotransposition. The question of whether Alu RNA per se also has a cell function is more problematic. Presumably, scAlu RNA processing occurs in the nucleus, raising the question of why Alu RNA appears in the cytoplasm (7) . The rapid, dramatic, transient induction of Alu expression by cell stress and translatibnal inhibition suggests that this transcript has other specific roles, in addition, to being an intermediate in RNA processing and retrotransposition (10) .
